We review the basics and the current status of the Poincaré gauge theory of gravity. The general dynamical scheme of Poincaré gauge gravity (PG) is formulated, and its physical consequences are outlined. In particular, we discuss exact solutions with and without torsion, highlight the cosmological aspects, and consider the probing of the spacetime geometry.
The gauge approach in field theory has a long history, going back to the early works of Weyl [61] , Cartan [7] , Fock [16] , and later contributions by Utiyama [60] , Sciama [52] , and Kibble [28] . The detailed review of the development of gauge gravity can be found in [4, 19, 26, 39, 55, 58, 59] , and especially complete and informative is the recent book [5] .
Here we give a brief overview of the subject, presenting the basic notions and mathematical structures and highlighting the physical consequences of the gauge theory of gravity based on the Poincaré symmetry group G = T 4 ⋊SO(1, 3).
It is a nontrivial problem to extend the Yang-Mills [63] approach of internal symmetry groups to those of spacetime symmetries. Without going into technical details, one can sketch the gauge-theoretic scheme as follows: The invariance of the action under an N-parameter group of field transformations yields, via the Noether theorem, N conserved currents. When the parameters are allowed to be functions of spacetime coordinates, one needs to introduce N gauge fields, which are coupled to the Noether currents, to preserve the invariance under the local (gauge) symmetry. In accordance with the general YangMills-Utiyama-Kibble scheme, the 10-parameter Poincaré group gives rise to the 10-plet of the gauge potentials which are identified with the coframe ϑ α = e α i dx a (4 potentials corresponding to the translation subgroup T 4 ) and the local connection Γ αβ = − Γ βα = Γ i αβ dx i (6 potentials for the Lorentz subgroup SO(1, 3)). The "translational" and "rotational" field strengths then read
They are interpreted as the torsion and the curvature 2-forms, thus naturally introducing the Riemann-Cartan geometry [22] on the spacetime manifold.
These gravitational gauge fields are coupled to the Noether currents of the Poincaré group: the energy-momentum T α and the spin S αβ = − S βα . In a similar way, one can view Einstein's general relativity (GR) as the gauge theory based on the translation group T 4 with the coframe ϑ α as the gauge potential coupled to the energy-momentum T α as the physical source of gravity [9] .
Our basic notation and conventions are as follows: Greek indices α, β, . . . = 0, . . . , 3, denote the anholonomic components (for example, of a coframe ϑ α ), while the Latin indices i, j, . . . = 0, . . . , 3, label the holonomic components (dx i , e.g.). From the volume 4-form η, the η-basis is constructed with the help of the interior products as η α 1 ...αp := e αp ⌋ . . . e α 1 ⌋η, p = 1, . . . , 4. These forms are related to the θ-basis via the Hodge dual operator * , for example, η α = * ϑ α and η αβ = * (ϑ α ∧ ϑ β ). The Minkowski metric g αβ = diag(+1, −1, −1, −1)
is used to lower and raise anholonomic indices: e.g., e α = g αβ e β . We do not use the natural units, and all the fundamental constants appear explicitly. In particular, the velocity of light c factor is needed in many key formulas for dimensional reasons.
Only a limited number of references is given here; for a more complete bibliography on the Poincaré gauge gravity see the recent book [45] .
A. Dynamical currents
Let the matter field ψ A be a tensor-valued p-form. Its tensor structure is encoded in the multi-index A, and dynamics is described by a general Lagrangian 4-form
The covariant derivative is defined by Dψ A = dψ A − 
B. Conservation laws
Diffeomorphism symmetry
The invariance of L under the local diffeomorphisms on the spacetime manifold yields the first Noether identity
where the generalized force is
. As another consequence of the translational invariance one finds the explicit form of the canonical energy-momentum current:
Local Lorentz symmetry
When the Lagrangian L is invariant under the local Lorentz transformations
with ε αβ = − ε βα , we find the second Noether identity
The generalized torque is defined as
Gravitational Lagrangian and Noether identities
The gravitational Lagrangian 4-form
is assumed to be an arbitrary function of the geometrical variables.
We introduce the gauge field momenta ("excitations") 2-forms
the canonical energy-momentum and spin 3-forms for the Poincaré gauge fields
and find the variational derivatives with respect to the gravitational field potentials
Diffeomorphism invariance yields the Noether identities
whereas the local Lorentz invariance results in the Noether identity
II. MATHEMATICAL INTERLUDE: IRREDUCIBLE DECOMPOSITIONS

A. Torsion decomposition
The torsion 2-form can be decomposed into the three irreducible pieces,
Here the 1-forms of the torsion trace and axial trace are introduced:
For the irreducible pieces of the dual torsion
B. Curvature decomposition
The Riemann-Cartan curvature 2-form is decomposed R αβ =
I=1
(I) R αβ into the 6 irreducible parts
(1)
where
and
The 1-forms X α and X α are not completely independent:
The curvature tensor R µν αβ is constructed from the components of the 2-form
The Ricci tensor is defined as Ric α β := R γα βγ . The curvature scalar R = Ric α α determines the 6-th irreducible part since X ≡ R. The first irreducible part (25) introduces the generalized Weyl tensor C µν αβ via the expansion of the 2-form
From (28) we learn that the 4-th part of the curvature is given by the symmetric traceless Ricci tensor,
Accordingly, the 1-st, 4-th and 6-th curvature parts generalize the well-known irreducible decomposition of the Riemannian curvature tensor. The 2-nd, 3-rd and 5-th curvature parts are purely non-Riemannian.
III. MATTER SOURCES IN POINCARÉ GRAVITY
Matter with spin is the source of gravity in PG theory. Here we specify two explicit examples of macro-and microscopic origin. The physical properties of the fluid are described by the particle density ρ, the entropy s, the specific (per matter element) spin density µ AB = −µ BA , and the internal energy density ε = ε(ρ, s, µ AB ). The Gibbs law of thermodynamics is corrected by the contribution of the spin energy:
Here T is the temperature, p is the pressure, and ω AB is the thermodynamical variable conjugated to the specific spin density µ AB .
We assume that the fluid moves such that the particle number is not changed and the entropy and identity of fluid elements is preserved along the lines of flow:
where X is Lin's identity variable.
The Lagrangian 4-form of the spinning fluid reads [41] 
where the constraints are imposed on the flow by means of the Lagrange multipliers:
Variation with respect to λ 0 , λ A , λ AB , λ 1 , λ 2 , λ 3 yields (31) and the orthogonality and normalization constraints for the flow 3-form u and the material triad b α A . The canonical energy-momentum and spin currents (4) and (5) are found as
Here u α = e α ⌋ * u, and the 4-momentum density and the covariant spin density of the medium are introduced by
The covariant spin density satisfies the Frenkel supplementary condition u β S αβ = 0 (by construction) and its dynamics is governed by the equation of motion
Note that the quadratic spin scalar invariant is conserved,
which is an immediate consequence of (37). field is most conveniently discussed in the formalism of Clifford algebravalued exterior forms, when the basic objects are the matrix-valued one-or three-forms γ = γ α ϑ α and * γ = γ α η α . Unlike the usual 1-forms, such objects do not anticommute; in particular,
The Lagrangian 4-form of a Dirac field Ψ is given by
The Dirac-conjugate spinors are denoted by Ψ. Geometrically, Dirac fields are local sections of the spinor SO(1, 3)-bundle associated with the principal bundle of orthonormal frames, so that the spinor covariant derivative reads
The Dirac wave equation is derived from the variation of the action with respect to the spinor field:
For the canonical energy-momentum and spin currents (7) and (5) we find
Hereafter D α := e α ⌋D. A characteristic feature of the Dirac fermion is the completely antisymmetric spin (42) . This means that only an axial part of the spacetime torsion interacts with the Dirac spinor field.
IV. POINCARÉ GRAVITY FIELD EQUATIONS
The field equations for the system of interacting matter and gravitational fields are derived from the total Lagrangian
Independent variation with respect to ψ A , ϑ α , and Γ αβ yields
The factor 1/c in (43) is explained by the dimensional reasons.
By expanding the currents with respect to the η-basis, we find the energy-momentum tensor and the spin density tensor: T α = T α µ η µ , and S αβ = S αβ µ η µ .
A. Einstein-Cartan model
The Einstein-Cartan theory [59] is based on the Hilbert-Einstein Lagrangian
Here κ = For the Lagrangian (47) we find from (11), (12) and (15):
As a result, the Einstein-Cartan field equations read
Substituting (49), we find the Einstein-Cartan field equations in components
The general quadratic model is described by the Lagrangian 4-form that contains all possible quadratic invariants of the torsion and the curvature:
The Lagrangian has a clear structure: the first line is linear in the curvature, the second line collects torsion quadratic terms, whereas the third line contains the curvature quadratic Besides that, the general PG model contains a set of the coupling constants which determine the structure of quadratic part of the Lagrangian: ρ, a 1 , a 2 , a 3 and a 1 , a 2 , a 3 , b 1 , · · · , b 6 and b 1 , · · · , b 6 . The overbar denotes the constants responsible for the parity odd interaction.
We have the dimension [ 
For the Lagrangian (52) from (11)- (12) we derive the gravitational field momenta
and the canonical energy-momentum and spin currents of the gravitational field
For convenience, we introduced here the 2-forms which are linear functions of the torsion and the curvature, respectively, by
and the 3-forms quadratic in the torsion and in the curvature, respectively:
By construction, the first 2-form in (59) (13) and (14) then read:
The contribution of the curvature square terms in the Lagrangian (52) to the gravitational field dynamics in the equations (62) and (63) is characterized by the new coupling parameter with the dimension of the area (recall that [
:
The parity-odd sector in PG gravity has been recently analysed in [2, 3, 8, 11, 23, 24] , with a particular attention to the cosmological issues.
V. CLASSICAL SOLUTIONS OF PG THEORY
Although numerous classical exact and approximate solutions are known in Poincaré gravity theory (see [21, 34, 42] for a review), their existence and structure depend essentially on the choice of the Lagrangian. Instead of analyzing special models on the case by case basis, we discuss here the results which are established for the general quadratic PG model (52) .
A. Generalized Birkhoff theorem
Spherically symmetric solutions are of particular interest in field-theoretic models. In
Einstein's GR the Schwarzschild solution is unique, which is a remarkable theoretical result known as the Birkhoff theorem. The validity of this theorem is very important since the fundamental gravitational experiments in our Solar system are perfectly consistent with the Schwarzschild geometry.
In contrast to GR, a spherically symmetric solution is not unique in a general quadratic PG gravity theory. However, certain classes of models do admit the generalized Birkhoff theorem which can be formulated as follows: the Schwarzschild spacetime without torsion is unique vacuum spherically symmetric solution of Poincaré field equations.
This theorem is available in two versions. In the weak version, the spherical symmetry is understood as the form-invariance of the geometrical variables under the SO(3) group of rotations, whereas in the strong O(3) version one assumes the invariance under the rotations and spatial reflections.
The analysis of the validity of the generalized Birkhoff theorem in PG is based on the appropriate ansatz for the metric and the torsion. In the local coordinates (t, r, θ, ϕ), the most general spherically symmetric spacetime interval reads
so that the coframe can be chosen in the form
The three functions A = A(t, r), B = B(t, r), C = C(t, r), may depend arbitrarily on the time t and the radial coordinate r.
Let us divide the anholonomic indices, α, β, . . . , into the two groups: A, B, · · · = 0, 1 and a, b, · · · = 2, 3. Then the spherically symmetric torsion ansatz for its three irreducible parts can be written as follows:
Here the torsion trace 1-form T and the axial torsion 1-form T are
whereas the traceless 1st irreducible torsion is constructed from the 1-forms
All together, the general spherically symmetric ansatz for the torsion thus includes eight variables -the components of the 1-forms T, T , V, V :
As usual, the overline denotes the parity-odd objects. In the literature [42, 49, 50] , only the parity-even class of models was analyzed with
The available results are summarized in Fig. 1 . 
B. Torsion-free vacuum solutions
Let us consider the vacuum solutions with vanishing torsion in the general quadratic models (52) . In vacuum, the matter sources vanish, T α = 0 and S αβ = 0, and for T α = 0 we find, after some straightforward algebra, that the curvature scalar is constant,
whereas the general field equations (62) and (63) reduce to
The tilde denotes the torsion-free Riemannian objects and operators. Here we defined
The 1-form Ψ α introduced in (27) , determines the structure of the fourth irreducible part of the curvature (4)
; its components coincide with the symmetric traceless Ricci tensor (29) .
cosmological term
recall (29), are vacuum torsion-free solutions of (73)-(74) in the general quadratic Poincaré gauge models. Actually, a stronger result can be demonstrated.
Theorem. The Einstein spaces (76) are the only torsion-free vacuum solutions of (73)- (74) for all values of the coupling constants except for the three very specific degenerate choices:
To begin the proof, we notice that if b 1 + b 4 = 0 and b 1 − b 4 = 0, the system (73) and (74) reduces to (76). Now, we assume that b 1 + b 4 = 0 and b 1 − b 4 = 0. Taking the covariant exterior derivative of (74), we then find
Consequently, the second term on the left-hand side of (73) disappears and the system (73) and (74) is recast into * (1)
where we put
The final step is technically nontrivial, and the value of Λ is crucial. A direct analysis making use of the Newman-Penrose technique [42] (see also the earlier works [10, 14, 15]) shows that (76) is the only solution of the system (78) for all values of Λ, except for the three cases when 3Λ/2 = {0, R/4, − R/2}. Using then (75), (79) and (72), we prove (77).
C. Gravitational planes waves in Poincaré gravity
Gravitational waves are of fundamental importance in physics, and recently the purely theoretical research in this area was finally supported by the first experimental evidence.
The plane-fronted gravitational waves represent an important class of exact solutions which generalize the basic properties of electromagnetic waves in flat spacetime to the case of curved spacetime geometry.
To streamline the presentation, we put the cosmological constant λ 0 = 0 here.
Electromagnetic plane waves
The key for the description of a plane wave on a spacetime manifold is the null shear-free geodetic covector field. More exactly, one talks of the wave 1-form k = dϕ which arises from the phase function ϕ (so that the wave covector is k α = e α ⌋k) with the properties
Here F is the electromagnetic field strength 2-form. The actual structure of the wave configurations depends on the Lagrangian of the electromagnetic field. For example, in
Maxwell's theory in the flat Minkowski spacetime (specializing to the case e
the electromagnetic plane wave is given by
Here the wave covector is constant, dk = 0, whereas the polarization 1-form a depends only on the phase, a i = a i (ϕ) and satisfies the above orthogonality relation.
Gravitational plane waves
In order to discuss the gravitational wave solutions in Poincaré gravity theory, we start with the flat Minkowski geometry described by the coframe and connection ϑ α = dx α , Γ αβ = 0. Introducing the phase variable σ = x 0 − x 1 , we construct the wave 1-form
The gravitational wave ansatz then reads
Importantly, this ansatz does not change the wave 1-form which is still defined by
By construction, we have k ∧ * k = 0. The wave covector is constructed as usual as k α = e α ⌋k, so that its (anholonomic) components are k α = (1, −1, 0, 0) and k α = (1, 1, 0, 0). Hence, this is a null vector field, k α k α = 0.
The two unknown variables U and W α determine the wave profile, and we choose them 
The resulting line element then reads (with ρ = x 0 + x 1 )
In view of the properties of the objects defined above, we verify that the wave 1-form is closed, and the wave covector is constant:
Taking this into account, we straightforwardly compute the torsion and the curvature 2-forms:
where we introduced the 1-forms
The differential d acts in the transversal 2-space spanned by
It is worthwhile to notice that the 2-forms of the gravitational Ponicaré gauge field strengths (89) have the same structure as the electromagnetic field strength (82) of a plane wave. Now a α and a αβ play the role of the gravitational (translational and rotational, respectively) "polarization" 1-forms. In complete analogy to the polarization 1-form a in (82), we notice that the gravitational polarization 1-forms satisfy the orthogonality relations
Clearly, the gravitational field strengths of a wave have the properties
in complete analogy to the electromagnetic plane wave (81).
In addition, however, the gravitational Ponicaré gauge field strengths satisfy
The explicit gravitational wave solution is constructed as follows. The wave profile vector variable is expressed in terms of potentials
where η AB = − η BA is the totally antisymmetric Levi-Civita tensor on the 2-dimensional space of the wave front. Substituting the wave ansatz (83), (84) and (96) into (62) and (63), the highly nonlinear system of the gravitational field equations quite remarkably reduces to the system of three linear differential equations
for the wave profile potentials which are conveniently assembled in a column "3-vector"
space, and the 3 × 3 matrix M is constructed from the coupling constants a I , a I , b J , b J . One can straightforwardly solve the system (97) by diagonalizing M.
Remarkably, eigenvalues of M coincide [6, 40] with the masses of the particle spectrum of the propagating torsion modes in quadratic PG models [18, 27, 30, 37, 38, 53, 54] . The results above can be further generalized to λ 0 = 0 by using a modified ansatz (83)-(84) with ( ϑ α , Γ αβ ) describing the de Sitter geometry [6] .
VI. COSMOLOGY IN POINCARÉ GRAVITY
Taking into account the spin of matter (as a new physical source of gravity) and the torsion (as an additional geometrical property of spacetime), leads to modifications of early and late stages of universe's evolution [33, 35, 46, 47, 57] . This potentially contributes to the solution of the two important issues of the modern cosmology: the singularity problem and the dark energy problem.
The cosmological evolution in the Einstein-Cartan theory (47) and in the most general quadratic models (52) are qualitatively different. This is due to the fact that in the former case the torsion is not dynamical and can be eliminated.
Let us consider the Friedman-Robertson-Walker (FRW) geometry with the spacetime interval
The local coordinates are
Here the scale factor depends on the cosmological time, a = a(x 0 ), and the parameter ℓ 2 determines the geometry of the 3-space. The latter is the space of constant curvature k = The geometry of this 3-space is described by the coframe and the Riemannian local Lorentz
The Latin indices from the beginning of the alphabet run a, b, c, · · · = 1, 2, 3 and they are raised and lowered with the help of the Euclidean metric δ ab and δ ab . For example, x b = δ ab x a and ϑ b = δ ab ϑ a .
A. Einstein-Cartan cosmology
In cosmology, it is common to use the hydrodynamic description of matter. An appropriate model is Weyssenhoff spinning fluid with the canonical energy-momentum and spin currents (34) and (35) . Since the second field equation (51) is algebraic, we can use it to express the torsion as a linear function of spin. Substituting the torsion into the first field equation (50), we then recast it into the Einstein equation
α with the effective energy-momentum current
where the effective pressure and energy density depend on spin:
specialize to the case of the flat model (with k = 0) for the dust equation of state p = 0.
For the FRW ansatz (98), the effective Einstein equation then reduces to the generalized Friedman equation
The conservation laws of the energy-momentum (6) and spin (38) yield
The equation (102) can be straightforwardly integrated, and we observe that the cosmological evolution is nonsingular [57] . At the time of a bounce, the universe occupies a minimal volume, when the energy density is maximal:
One can evaluate the latter by assuming that the cosmological dust matter is composed of fermions with a mass m and spin /2. Then the ratio of the energy density per spin density is ε 0 /S 0 = 2mc 2 / . As a result, we find
For the mass of a nucleon, the corresponding maximal mass density is thus 
B. Cosmology in general Poincaré gauge gravity
In contrast to the Einstein-Cartan theory, in the general quadratic Poincaré gauge gravity models (52) the torsion degrees of freedom are propagating. Accordingly, one has to come up with an appropriate description of the torsion.
We construct the generalized FRW cosmology (98) in the Poincaré gauge gravity theory with the help of the ansatz for the coframe ϑ α and connection Γ αβ :
For the torsion we then find
where we denoted
One can show that the field equations (62)- (63) 
Taking into account the explicit dependence of the energy density on the scale factor (103),
we can integrate the generalized Friedman equation, and the solution for a = a(x 0 ) is expressed in terms of the elliptic integrals. The qualitative result is as follows. The cosmological evolution is again non-singular [35, 36] , with the minimal value of the scale factor and the highest energy density:
At the late stages of the cosmological evolution, when the universe expands to sufficiently large values of the scale factor so that the condition and allowing for the odd-parity torsion v, the cosmological equations are extended to a highly nontrivial system for the the scale factor a, and the torsion functions v and v. In general, the space of solutions for this system encompasses both the non-singular and singular cosmological scenarios, see [8, 23, 24] , e.g.
VII. MOTION OF TEST BODIES IN POINCARÉ GAUGE GRAVITY
Before discussing the dynamics of massive extended bodies in the gravitational field, it is useful to recall the electromagnetism. An electrically charged body is characterized by the electric current density J α which describes how the charges and currents are distributed inside this body. When the size of the body is much smaller than the typical length over which the electric and magnetic fields change significantly, it can be treated as a test particle.
Choosing a reference point y α inside the body, one interprets the curve y α = y α (τ ) as the world line of the body with the velocity u α = dy α /dτ , and introduces a set of the multipole moments as integrals Σ δx µ 1 · · · δx µn J α over a spatial cross-section Σ of the world tube swept by the body through its motion in the spacetime, where δx µ = x µ − y µ gives the position of charged material elements relative to the reference point. The lowest moments are the total electric charge of a body, its electric dipole moment and so on.
Qualitatively, in this approach an extended body is replaced by a test particle characterized by (infinite number of) multipoles which describe the internal structure of the body and contain all the information which was encoded in the electric current J α . In a similar way, in order to analyse the motion of a massive body in the gravitational field, one needs to take the corresponding gravitational matter currents and to construct the multipole moments for them. This technique has a long history going back to Einstein, Weyl, Infeld, Mathisson, Papapetrou, Dixon (for the historic introduction and key references, see [43, 48] , for example). Remarkably, the equations of motion of the multipole moments should not be postulated, but they follow directly from the conservation laws of the Noether currents.
In Einstein's GR, the gravitational field couples to the energy-momentum current of the structureless matter. This corresponds to the group of spacetime translations (diffeomorphisms) which underlies GR. The Poincaré gauge gravity takes into account a possible nontrivial microstructure of matter and extends the theory to the Poincaré current (T α , S αβ ) which includes the translational and Lorentz currents, i.e., the canonical energy-momentum and the spin of matter. Accordingly, we will have two types of multipoles.
There exist many multipole expansion schemes (both noncovariant and covariant) in gravity theory. Among them, the most convenient one is the covariant expansion technique based on Synge's world-function formalism [56] , first used by Dixon [12] to define a set of moments characterizing the test body. The world-function σ(x, y) measures the length of the geodesic curve connecting the spacetime points x and y. Using a condensed notation when tensor indices are labeled by spacetime points to which they are attached, we denote by σ y := ∇ y σ a covariant derivative of the world-function. The parallel propagator by g y x (x, y) describes the parallel transport of objects along the unique geodesic that links the points x and y, e.g.: given a vector V
x at x, the corresponding vector at y is obtained by means of the parallel transport along the geodesic curve as V y = g y x (x, y)V x . For more details, see [43, 56] . In PG theory, we define the multipole moments of arbitrary order:
cp y 1 ...yny 0 :=(−1)
s y 2 ...y n+1 y 0 y 1 :=(−1)
q y 3 ...y n+2 y 0 y 1 y 2 :=(−1) n Σ(τ ) σ y 3 · · · σ y n+2 g y 0 x 0 g y 1 x 1 g y 2 x 2 S x 0 x 1 x 2 w x 3 dΣ x 3 .
With these definitions, the equations of motion of test bodies are derived by integrating the conservation laws of the energy-momentum (6) and angular momentum (9) over the cross-section of the world tube. The resulting system describes the dynamics of multipole moments (113) and (114) of any order. In the pole-dipole approximation, we find
Here D dτ = u α ∇ α is the Riemannian covariant derivative with respect to the proper time τ , u α is body's 4-velocity. We defined the generalized total energy-momentum 4-vector and the generalized total angular momentum (with the contortion tensor K i αβ := Γ i αβ − Γ i αβ )
by
and introduced Q αβµ := 1 2
(q αβµ + q αµβ − q βµα ).
In the monopole approximation, the equations of motion are simplified to DP α dτ = 0, P α u β − P β u α = 0.
Hence we find P α = Mu α , where Mc 2 = P α u α , and therefore (119) reduces to the Riemannian geodesic
VIII. CONCLUSION: PROBING SPACETIME GEOMETRY Einstein [13] underlined: "...The question whether this continuum has a Euclidean, Riemannian, or any other structure is a question of physics proper which must be answered by experience, and not a question of a convention to be chosen on grounds of mere expediency." How can one probe a possible deviation of the spacetime structure from the Riemannian geometry?
One needs matter (particles, bodies, continua, fields) with microstructure, i.e., with intrinsic spin [48, 64] . This is most clearly seen from the equations of motion above. Contrary was established for the torsion from Huges-Drever type experiments [31] , from the analysis of the Lorentz violations in Standard Model extensions [29] , from the search of spin-spin interaction using Earth as a test body [25] , as well as from the study of the nuclear spin dynamics [44] ; milder constraints | T | < 10 −2 1 m were derived from the precession of neutron's spin in liquid 4 He.
